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bstract
Sustainable and resilient agricultural systems are needed to feed and fuel a growing human population. However, the current
odel of agricultural intensification which produces high yields has also resulted in a loss of biodiversity, ecological function,
nd critical ecosystem services in agricultural landscapes. A key consequence of agricultural intensification is landscape simpli-
cation, where once heterogeneous landscapes contain increasingly fewer crop and non-crop habitats. Landscape simplification
xacerbates biodiversity losses which leads to reductions in ecosystem services on which agriculture depends. In recent decades,
onsiderable research has focused on mitigating these negative impacts, primarily via management of habitats to promote bio-Please cite this article in press as: Landis, D.A. Designing agricultural landscapes for biodiversity-based ecosystem services. Basic  and
Applied  Ecology  (2016), http://dx.doi.org/10.1016/j.baae.2016.07.005
iversity and enhance services at the local scale. While it is well known that local and landscape factors interact, modifying
verall landscape structure is seldom considered due to logistical constraints. I propose that the loss of ecosystem services
ue to landscape simplification can only be addressed by a concerted effort to fundamentally redesign agricultural landscapes.
esigning agricultural landscapes will require that scientists work with stakeholders to determine the mix of desired ecosystem
ervices, evaluate current landscape structure in light of those goals, and implement targeted modifications to achieve them.
∗Tel.: +1 517 353 1829; fax: +1 517 353 5598.
E-mail address: landisd@msu.edu
ttp://dx.doi.org/10.1016/j.baae.2016.07.005
439-1791/© 2016 The Author. Published by Elsevier GmbH on behalf of Gesellschaft fu¨r ¨Okologie. This is an open access article under the CC BY-NC-ND
icense (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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 evaluate the current status of landscape design, ranging from fundamental ecological principles to resulting guidelines and
ocioeconomic tools. While research gaps remain, the time is right for ecologists to engage with other disciplines, stakeholders,
nd policymakers in education and advocacy to foster agricultural landscape design for sustainable and resilient biodiversity
ervices.
usammenfassung
Nachhaltige und resiliente Agrarsysteme werden gebraucht, um die wachsende Weltbevölkerung zu ernähren und mit
rennstoffen zu versorgen. Indessen hat das gegenwärtige Modell der landwirtschaftlichen Intensivierung, das hohe Erträge
iefert, auch Verluste zur Folge: bei der Biodiversität, bei ökologischen Funktionen und bei wichtigen Ökosystemleistungen
n Agrarlandschaften. Eine entscheidende Folge der landwirtschaftlichen Intensivierung ist die Vereinheitlichung der Land-
chaft, wobei ehemals heterogene Landschaften zunehmend weniger Feldfrucht- und nicht bewirtschaftete Habitate enthalten.
ie Vereinheitlichung der Landschaft verschärft die Biodiversitätsverluste, was zur Verminderung der Ökosystemleistungen
ührt, von denen die Landwirtschaft abhängt. In den letzten Jahrzehnten waren Forschungen in erheblichem Umfang darauf
erichtet, diese negativen Einflüsse abzumildern, vornehmlich durch Management der Habitate, um auf lokaler Ebene die Biodi-
ersität zu fördern und Dienstleistungen zu stärken. Während gut bekannt ist, dass lokale und Landschaftsfaktoren interagieren,
urde wegen logistischer Beschränkungen nur selten eine Veränderung der gesamten Landschaftsstruktur in Erwägung gezo-
en. Ich schlage vor, dass der durch Vereinheitlichung der Landschaft begründete Verlust von Ökosystemleistungen nur mit
iner konzertierten Anstrengung zur grundlegenden Neugestaltung der Agrarlandschaft angegangen werden kann. Die Planung
on Agrarlandschaften macht es nötig, dass Wissenschaftler und Interessengruppen zusammenarbeiten, um die Mischung ge-
ünschter Ökosystemleistungen festzulegen, die aktuelle Landschaftsstruktur vor diesem Hintergrund zu analysieren und
ezielte Veränderungen vorzunehmen, um diese zu erreichen. Ich untersuche den gegenwärtigen Status der Landschafts-
lanung, von fundamentalen ökologischen Prinzipien bis zu Richtlinien und sozio-ökonomischen Instrumenten. Auch wenn
orschungslücken bleiben, ist jetzt der richtige Zeitpunkt für die Ökologen gekommen, die Zusammenarbeit mit anderen
isziplinen, Interessengruppen und Entscheidungsträgern in Erziehungswesen und Meinungsbildung zu suchen, um die Agrar-
andschaftsplanung für nachhaltige und belastbare Biodiversitätsleistungen zu stärken.
 2016 The Author. Published by Elsevier GmbH on behalf of Gesellschaft fu¨r ¨Okologie. This is an open access article under
he CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Agriculture in the 21st century is confronting immense
hallenges. It is estimated that by 2050, human population
f the earth will reach 9.7 billion people (United Nations,
epartment of Economic and Social Affairs & Population
ivision, 2015). How and where we produce the food and
nergy to support this increasing population is a major ques-
ion given that agriculture is already a dominant land-use
lobally, with nearly 40% of the ice-free land surface dedi-
ated to farming or grazing (Ramankutty et al., 2008; Foley
t al., 2011). Moreover, in many of these areas humans are
lready appropriating more than 50% of the net primary pro-
uctivity for their use as food, feed, and fuel (Haberl et al.,
007). While supporting high yields, the intensification of
griculture through monocultures of high-yielding varieties
oupled with increased chemical and mechanical inputs, has
ed to negative environmental impacts on soil, water, air and
iodiversity (Matson et al., 1997; Stoate et al., 2001, 2009;
irbank et al., 2008). In short, humans are exploiting thePlease cite this article in press as: Landis, D.A. Designing agricultural 
Applied  Ecology  (2016), http://dx.doi.org/10.1016/j.baae.2016.07.005
lanet’s most favorable areas for agriculture and the intensity
f current production is pushing the boundaries of sustaina-
ility (Steffen et al., 2015), creating uncertainty regarding
t
o
tvices; Pest suppression; Pollination
ow agriculture can sustainably meet future human needs
Robertson, 2015).
Ecologists can play a key role in addressing this question.
or example, the growing understanding among basic ecolo-
ists of the links between biodiversity and ecosystem function
Loreau et al., 2001), biodiversity and ecosystem services
Duncan et al., 2015), and the resiliency of systems to dis-
urbance (Oliver et al., 2015) can also be applied to the study
f agricultural systems (Tscharntke et al., 2005, 2007, 2012a).
hile the language used by basic and applied ecologists to
escribe these relationships may differ, there is much to learn
rom the exchange of concepts across sub-disciplines (Fig. 1).
or example, the use of functional trait- versus species-based
etrics of biodiversity in basic ecology has prompted simi-
ar approaches in agroecosystems, leading to novel findings.
agic et al. (2015) found that functional traits, including
ody size and nesting habitat, are better predictors of pest
uppression and pollination in agricultural landscapes than
pecies identity. This suggests that trait-based approaches
ay be critical to inform landscape design, and highlightslandscapes for biodiversity-based ecosystem services. Basic  and
he unique insights that can be gained from the application
f ecological theory to applied questions. In turn, the long-
erm quest for sustainability in agriculture is increasingly
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Fig.  1.  Biodiversity-ecosystem function (BEF) and biodiversity-
ecosystem service (BES) relationships (top), and examples of their
application in the agroecological literature (bottom). Note that con-
cepts and relationships map very closely between the subdisciplines
but the terminology used to describe them differs. Resilience and
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2013) and the trends from these analyses are relatively consis-ustainability are not interchangeable terms but represent the respec-
ive research frontiers.
choed in basic ecology’s exploration of resilience (Oliver
t al., 2015).
From both basic and applied perspectives, the outlook for
ustainable and resilient agricultural systems is questionable.
n many parts of the world, the intensification of agricul-
ure has already resulted in losses of biodiversity which
hreaten the provision of ecosystems services and the ulti-
ate sustainability of agriculture. Numerous studies suggest
hat in agricultural landscapes the diversity of plants (Kleijn
t al., 2009; José-María et al., 2011), arthropods (Hendrickx
t al., 2007), birds (Donald et al., 2001), mammals (Sotherton
998), or multiple taxa have declined (Firbank et al., 2008;
eiger et al., 2010; Gibbs, Mackey & Currie 2009). More-
ver, it is now clear that in addition to species richness,
rait and functional diversity is also declining (Flynn et al.,
009; Gagic et al., 2015; Gamez-Virues et al., 2015) and can
esult in a loss of ecosystem services. For example, there are
ow clear indications that vital services such as pollination
Kremen et al., 2002; Potts et al., 2010), pest suppression
Bianchi et al., 2006; Gardiner et al., 2009), and groundwa-
er recharge (Wada et al., 2010; Scanlon et al., 2012) have
een compromised in highly intensified agricultural land-
capes. Part of this effect is the direct impact of intensified
ithin-field practices but equally important is the impact
f intensification on agricultural landscape structure itself
Tscharntke et al., 2005).
mpacts of intensiﬁcation on landscape
tructurePlease cite this article in press as: Landis, D.A. Designing agricultural 
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Agricultural intensification simplifies landscape structure
cross multiple spatial scales (Benton et al., 2003). Within
elds, agricultural intensification leads to simplified plant
t
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ommunities as polycultures are abandoned in favor of
onocultures, and due to effective weed control. At field
oundaries, the diversity of boundary habitat types and their
omposition become less diverse. As the percentage of crop
rea within a landscape expands, crop fields are more likely
o directly adjoin other crops as opposed to more diverse non-
rop habitats. Where non-crop habitats remain, they harbor
ess biodiversity due to increased fragmentation and isolation,
nd from off-target pesticide movement which can directly
educe plant and animal diversity (Krupke et al., 2012; Egan
t al., 2014; Hallmann et al., 2014). Finally, at the landscape
cale the overall mixture of crop and non-crop habitats tends
o become more uniform as economic forces drive regional
pecialization and farm consolidation (MacDonald et al.,
013). Crop diversity declines as farmers focus on the few
ost economically viable commodity crops. Similarly, non-
rop habitat also declines as farmers select for field borders
hat are easy to maintain.
The process of landscape simplification can be illustrated
sing an example from southern Michigan, in the midwestern
S. In the past century agricultural landscapes in this region
ommonly included forests, woodlots, fence rows, and wind-
reaks; as well as pastures, wetlands, and streams that were
ften bordered by woody vegetation (Fig. 2). As animal agri-
ulture became concentrated in fewer but larger operations
MacDonald et al., 2013), many farms switched to annual
rop production (primarily corn, soybean and wheat) allow-
ng the removal of fencerows, and conversion of pastures
o cropland. Use of tile drainage allowed small wetlands
o be drained and farmed, and the straightening of small
treams into drainage ditches required the removal of adja-
ent woody vegetation. Adoption of larger farm equipment
nd in some areas, the incorporation of center-pivot irrigation
urther increased removal of fencerows and smaller woodlots
o allow for efficient farming operations. The overall result of
his intensification is that formerly heterogeneous landscapes
ave become greatly simplified with annual crops dominat-
ng the landscape and perennial habitats greatly reduced and
ragmented.
The impacts of such cropping system and landscape inten-
ification on beneficial insects are now well-known. In a
eta-analysis contrasting monocultures to cropping systems
ith increased plant diversity within fields and adjacent
orders, Letourneau et al. (2011) found that natural ene-
ies increased in diverse systems while herbivores and their
amage decreased. Similarly, win-win relationships between
ain crop yield and biological control were found in a meta-
nalysis of polyculture systems (Iverson et al., 2014). Scaling
p, multiple meta-analyses have examined the impact of land-
cape structure on natural enemy populations, with some also
xamining pest suppression (Bianchi et al., 2006; Chaplin-
ramer et al., 2011; Shackelford et al., 2013; Veres et al.,landscapes for biodiversity-based ecosystem services. Basic  and
ent. As landscape complexity increases, typically measured
s the amount of non-crop habitat, the abundance and diver-
ity of natural enemies increases. Pest abundance tends
ARTICLE IN PRESSBAAE-50984; No. of Pages 12
4 D.A. Landis / Basic and Applied Ecology xxx (2016) xxx–xxx
Fig.  2.  Typical agricultural landscape in southern Michigan, USA showing, (A) gradient in agricultural landscape complexity. (B) Expanded
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enter-pivot irrigation. Imagery © 2016 Google.
o decline or remain unchanged, while pest diversity may
ncrease. Overall rates of predation and parasitism gener-
lly increase, while pest population growth decreases (Rusch
t al., 2016). Overall plant damage may or may not be sig-
ificantly affected but the trends are towards reduced plant
amage.
Pollinators and pollination services are also reduced
n intensified agricultural landscapes (Potts et al., 2010;
ennedy et al., 2013). Pollinators rely on natural habitats in
gricultural landscapes to provide food and nesting habitat,
nd the provision of pollination services to crops depends on
he scale at which those habitats are available (Benjamin et al.,
014). In a meta-analysis, Shackelford et al. (2013) found
hat pollinators consistently benefit from natural habitats at
oth local and landscape levels; however, in many parts of
he world agricultural landscapes are losing complexity. For
xample, in the US, conversion of natural habitats to annual
rop land between 2008 and 2013 is estimated to have caused
 23% decline in wild bee abundance, compromising polli-
ation services to 39% of the nation’s pollinator-dependent
rop area (Koh et al., 2016). However, the addition of nativePlease cite this article in press as: Landis, D.A. Designing agricultural 
Applied  Ecology  (2016), http://dx.doi.org/10.1016/j.baae.2016.07.005
ildflower plantings has the ability to increase wild bee abun-
ance across the variety of agricultural landscapes (Williams
t al., 2015) and restoration of diverse floral habitats adja-
ent to high-value pollinator-dependent crops can increase
s
b
i
aws and wooded riparian areas. (C) Expanded view of simplified
nd centrally located irrigation risers in many fields indicative of
ollination and pay for habitat installation in three to four
ears (Blaauw & Isaacs 2014). Globally, ensuring ade-
uate pollination could increase yields for small farmers
y a median of 24%, enhancing small holder livelihoods
Garibaldi et al., 2015).
he case for designing agricultural
andscapes
Given the need for productive and sustainable forms of
griculture and the evidence that intensified systems are fail-
ng to conserve key functions, future landscapes will likely
eed to be explicitly designed to support biodiversity and
cosystem services. Current agricultural landscapes have
merged as the result of policy and market forces that drive
armer decisions about what to grow and how to grow it.
hile individual farms may be highly efficient, the sim-
lified landscapes that emerge are losing functionality. To
tem the loss of function will require actions that alter land-
cape structure at scales larger than individual farms andlandscapes for biodiversity-based ecosystem services. Basic  and
uggest that mechanisms for planning and coordination will
e required. For example, even if many farmers were will-
ng to make individual changes, it is unlikely that the negative
spects of landscape-level intensification can be mitigated by
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Fig.  3.  Relative levels of current ecosystem services provided, and design goals for landscapes across a gradient of agricultural simplification.
(A) Highly simplified landscape ranks high in productivity (i.e. provisioning service) but low in supporting, regulation and cultural services
as defined in Millennium Ecosystem Assessment (2005). Among the design goals for such landscapes is to restore ecological integrity.
(B) Moderately simplified landscapes may be less productive but with good supply of other services. Design goals include increasing their
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.S. Aber, kite, glider, and blimp airphotos, respectively.
ncoordinated farmer decisions. In contrast, analyzing par-
icular landscapes and implementing a coordinated landscape
esign presents the opportunity to alleviate structural deficits
n an efficient manner.
Calls for redesign of agricultural systems are not new and
ave typically been based within the context of particular
andscapes in crisis. For example, recognition of severe lim-
tations in water quantity and quality prompted Australian
cientists to consider redesign of annual agricultural cropping
ystems (Lefroy 2001; Williams & Gascoigne 2003). Similar
oncerns about the role of extensive monocultures on water
uality and biodiversity have motivated calls for action within
he US corn belt (Jackson 2008; Liebman & Schulte 2015),
ith both academic scientists (Schulte et al., 2016) and gov-
rnmental agencies (Dosskey et al., 2012) responding with
otential redesign ideas. In Europe, a recognition of biodi-
ersity losses has resulted in agri-environmental programs to
nhance farmland biodiversity. While widely implemented
hey have met with varying levels of success, in part depend-
ng on how biodiversity gains are valued (Kleijn et al., 2006).
hese examples suggest that the goals for landscape design
re often highly context-specific, and perceptions of success
ay vary among stakeholders.
arying goals for different landscapesPlease cite this article in press as: Landis, D.A. Designing agricultural 
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The goals and methods for design of particular agricultural
andscapes will vary with their degree of intensification and
he mix of desired ecosystem services (Gabriel et al., 2013;
d
ials may include increasing productivity without undue loss of other
upporting services is needed to maintain the others. Photos A-C ©
kroos et al., 2014). Highly intensified landscapes typically
ccur where the combination of soil, climatic, and techno-
ogical resources coexist to support high yields. While such
andscapes rank high in provisioning services, they frequently
rovide only low levels of supporting, regulating and cultural
ervices (Fig. 3). For example, in parts of the midwestern US
rop yields can be exceptionally high but associated rates of
oil loss and nutrient export may be unsustainable, pollination
nd pest suppression reduced, and recreational opportuni-
ies limited (Liebman & Schulte 2015). In such landscapes,
 design goal may be to restore their integrity so that pro-
uction can remain high while mitigating negative impacts.
oderately intensified landscapes may provide a more bal-
nced set of services. While yields are typically more modest,
ther services such as soil retention, water infiltration and
ecreational opportunities can be relatively high. The goal
or such landscapes may be to increase their overall multi-
unctionality. Finally, in less intensified landscapes the yields
rom agriculture may be comparatively low but balanced by
ncreased supporting, regulating and cultural services. The
oal for these landscapes may be to increase provisioning
ervices while maintaining current levels of other services;
owever, some tradeoffs are likely.
cological basis for agricultural landscapelandscapes for biodiversity-based ecosystem services. Basic  and
esign
A recent convergence of theoretical and empirical stud-
es are emerging which form the foundation for informed
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Table  1.  Concepts guiding the design of agricultural landscapes to maintain or enhance biodiversity services and selected references from
text.
Concepts Selected references
Consider landscape impacts on biodiversity Tscharntke et al. (2012c)
Maintain landscape heterogeneity (Benton et al., 2003; Chaplin-Kramer et al., 2011; Woltz et al., 2012;
Fischer et al., 2013; Fischer et al., 2006; Rusch et al., 2016)
Consider compositional and configurational
landscape heterogeneity
(Fahrig et al., 2011; Perovic´ et al., 2015)
Consider landscape connectivity (Benton et al., 2003; Fischer et al., 2006)
Manage local habitats to enhance natural enemies
and pest suppression
(Landis et al., 2000; Chaplin-Kramer et al., 2011; Jonsson et al., 2015)
Manage local habitats to enhance pollinators and
pollination services
(Kennedy et al., 2013; Nicholls & Altieri 2013; Blaauw & Isaacs 2014;
Balfour et al., 2015; Garibaldi et al., 2015; Scheper et al., 2015)
Provide early-season resources for natural enemies (Woltz & Landis, 2013; Raymond et al., 2015)
Maintain resource continuity Schellhorn et al. (2015)
Importance of native vegetation for biodiversity
conservation
(Isaacs et al., 2009; Fischer et al., 2013; Parry et al., 2015)
Reduce field sizes Fahrig et al. (2015)
Modify chemical use (Gibbs et al., 2009; Fischer et al., 2013; Egan et al., 2014)
Manage timing of disturbance events Fischer et al. (2013)
Increase perenniality (Landis et al., 2000; Isaacs et al., 2009)
Plan for landscape multifunctionality (Jordan & Warner 2010; Steingrover et al., 2010; Dosskey et al., 2012;
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2gricultural landscape design (Table 1). These include basic
cological studies on the relationship of biodiversity to
cosystem services, as well as applied ecological studies
xamining biodiversity impacts at local to landscape scales.
inally, there is a relatively new axis of research which com-
ines basic and applied ecology with social science to guide
mplementation of effective habitat and landscape manage-Please cite this article in press as: Landis, D.A. Designing agricultural 
Applied  Ecology  (2016), http://dx.doi.org/10.1016/j.baae.2016.07.005
ent (Fig. 4).
Tscharntke et al. (2012b) outlined eight major hypothe-
es on the relationship of biodiversity to landscape structure.
ig.  4.  A framework for integrating basic and applied ecology in
he context of agricultural landscape management and design. Con-
epts in bold represent areas of current study. Arrows represent the
ain research axes and point towards the research frontiers. Darker
hading indicates a greater level of current knowledge.
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srntke et al., 2012c; Shackelford et al., 2013; Westphal et al., 2015)
everal of these hypotheses have been tested empirically. In
articular, the intermediate landscape-complexity hypothe-
is, which suggests that manipulation of habitats to enhance
eneficial organisms will be most effective within landscapes
f moderate complexity, has been supported by pan-European
tudies on plants, bees, spiders and birds (Concepcion et al.,
012). Jonsson et al. (2015) also found support for the
ntermediate landscape-complexity hypothesis in their study
hich examined the utility of floral resources to enhance
arasitism of a pest aphid. In contrast, other tests of the
ypothesis have found varying effects depending on the iden-
ity (Batáry et al., 2011), or mobility of the focal taxa (Dainese
t al., 2015), or a lack of interaction between local and land-
cape factors (Woltz et al., 2012).
Fahrig et al. (2011) suggested that increasing compo-
itional and configurational heterogeneity of agricultural
andscapes may be important components of biodiversity
onservation. Testing these ideas, Perovic´ et al. (2015) found
hat both were involved in shaping communities of grass-
and butterflies with compositional heterogeneity supporting
verall taxonomic diversity, and configurational heterogene-
ty important in supporting particular vulnerable species.
chellhorn et al. (2015) have proposed that managing for
esource continuity at the landscape scale will be important
n maintaining ecosystem services, particularly where source
abitats for ecosystem service providers may be ephemeral
Vandermeer et al., 2010). Multiple studies have shown
hat landscapes which support the early arrival of preda-landscapes for biodiversity-based ecosystem services. Basic  and
ors is key to the success of aphid control in annual crops
Woltz & Landis 2013; Raymond et al., 2015), and land-
capes with higher structural complexity support increased
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est suppression (Gardiner et al., 2009) and reduced insec-
icide use (Meehan & Gratton 2015; Meehan et al., 2011).
esource continuity and diversity at the landscape scale is
lso important for pollinators (Garibaldi et al., 2013; Balfour
t al., 2015; Scheper et al., 2015) and optimal landscape
esigns for pollination services have been proposed (Brosi
t al., 2008). Overall, a common theme of many of these
tudies is the need to consider the interaction of local and
andscape scales (Concepcion et al., 2012; Gonthier et al.,
014) and the timing of disturbance regimes (Fischer et al.,
013).
While there is considerable variation in the responses of
ifferent taxa to changes in landscape structure, the con-
istent message to emerge from these studies is the vital
eed to preserve or enhance landscape heterogeneity via
anagement of non-crop habitats (Concepcion et al., 2012;
onthier et al., 2014; Kennedy et al., 2013; Nicholls &
ltieri 2013; Carvell et al., 2015). In particular, peren-
ial habitats including forests, woodlots, hedgerows, and
erennial grasslands support high levels of agricultural bio-
iversity (Landis et al., 2000). Moreover, the role of native
egetation supporting beneficial insects and reducing pests
s increasingly apparent (Isaacs et al., 2009; Parry et al.,
015). Estimates suggest that as little as 20% non-crop
abitat can preserve effective pest suppression (Tscharntke
t al., 2002), while others show that the addition of tar-
eted resource habitats can improve local pest control even in
andscapes containing 75% non-crop habitat (Jonsson et al.,
015). While managing for ecosystem services per  se  does
ot ensure overall biodiversity outcomes (Macfadyen et al.,
012), even relatively simple rules such as preserving or
reating smaller-sized fields have been shown to increase
iversity of multiple taxa including plants, arthropods, and
irds (Fahrig et al., 2015). The successful use of ecological
rinciples to guide landscape design also needs to include the
uman dimension.
The increasing understanding that successful conservation
f biodiversity and ecosystem services is influenced by both
he social and physical context adds further dimensions of
omplexity. For example the primary goal of agricultural bio-
iversity conservation may vary among stakeholders, with
ome interested in conserving only species which directly
rovide services while others may care more about rare
pecies regardless of their role in service provision. Stud-
es in Europe have shown that voluntary agri-environment
chemes aimed to support biodiversity-based ecosystem ser-
ices do not necessarily protect species of conservation
oncern (Kleijn et al., 2011) but this limitation could be
vercome by more explicit spatial allocation of critical habi-
ats (Ekroos et al., 2014). Moreover, conserving the widest
ange of biodiversity and services is likely to require multi-
cale approaches, ranging from within-field to regional levelsPlease cite this article in press as: Landis, D.A. Designing agricultural 
Applied  Ecology  (2016), http://dx.doi.org/10.1016/j.baae.2016.07.005
Ekroos et al., 2016). A recognition of the mismatches
etween where service providing organisms are produced,
here the benefits occur, and who receives the benefits or
ears the cost of their production, has large implications
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or public policy and decision-making to enhance ecosystem
ervices (Fisher et al., 2009).
ngaging with stakeholders
Shifting to ecologically-intensive agriculture models with
n emphasis on landscape design to preserve or enhance
cosystem services will require new models of research
nd extension. In particular, ecologists will need to engage
ith farmers and other stakeholders to develop context-
pecific solutions (Geertsema et al., 2016). Fortunately,
uccessful models exist and can be extended to address
he needs of varying landscapes (Steingrover et al., 2010;
estphal et al., 2015). Geertsema et al. (2016) exam-
ned three case studies where researchers partnered with
takeholders to redesign agricultural systems for increased
eliance on ecological processes. They found that in each
ase, targeted research was necessary to develop the spe-
ific knowledge that farmers needed to enact change,
hich they termed “actionable knowledge.” For example,
n Iowa, USA, sub-watershed scale research showing the
alue of prairie strips in mitigating soil erosion and fer-
ilizer runoff was key to spurring farmer adoption of this
ractice.
Similar design processes are taking root in other locations
s well. For example, in the midwestern US the emergence
f cellulosic biomass cropping systems to produce biofuels
as created an opportunity to rethink agricultural landscapes.
n Minnesota, USA, a team of researchers including experts
n agronomic sciences and natural resource conservation are
ollaborating with geographers, economists, and sociologists
o engage with farmers in the process of designing novel agri-
ultural landscapes (Jordan & Warner 2010; Jordan et al.,
013). In one example called collaborative geodesign, sci-
ntists use geographic information systems coupled with
iogeochemical models and touchscreen technology to allow
takeholders to visualize novel landscapes and the result-
ng flow of ecosystem services or disservices in real time
Slotterback et al., 2016). By using an iterative process that
ecords the stakeholder decisions and resulting changes to the
andscape, researchers can determine how different types of
nformation influence the design process. Coupling this with
n understanding and evaluation of the social context allows
or more multifunctional solutions to emerge. For exam-
le, Stallman and James (2015) found that farmers would
e willing to cooperate to control pests but preferred local
fforts over county-wide approaches, and were more likely to
articipate if they were active members of a community orga-
ization, among other factors. This suggests that where the
ost efficient landscape designs require adjacent landownerslandscapes for biodiversity-based ecosystem services. Basic  and
o coordinative activities, an understanding of social capi-
al and differing motivations is critical. Social scientists are
lso studying market-based initiatives to achieve coordinated
ctions even in the absence of direct collaboration (Cooke &
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oon 2015) and examining the policy implications (Prager
015).
an design enhance agricultural
ustainability and resilience?
At the frontier of our current knowledge is the question
f whether agricultural landscapes designed for biodiversity-
ased ecosystem services will prove to be more sustainable
nd resilient than our current systems, particularly in light of a
hanging climate. While guidelines for the design of resilient
orking landscapes have been proposed (Fischer et al., 2006),
e still lack many of the tools to assess ecological resilience
Spears et al., 2015). In particular, the assessment of sus-
ainability and resilience in agricultural systems will require
ong time frames (Knapp et al., 2012; Hamilton et al., 2015).
ew experimental paradigms such as those used to assess
esilience in natural systems show promise (Carpenter et al.,
011), as well as emerging theoretical (Allen et al., 2014)Please cite this article in press as: Landis, D.A. Designing agricultural 
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nd policy frameworks (Slight et al., 2016). However, there
s also a critical need to actually test design concepts at large
patial and temporal scales (Pace et al., 2015).
t
a
sh into stakeholder accessible formats. Upper right shows the front
ers to additional information on web-based portals. Publications
onclusions
Multiple studies from around the world clearly show that
gricultural intensification leads to landscape simplification
nd loss of biodiversity. In turn, biodiversity losses lead to
osses of ecosystem function, compromise the delivery of
cosystem services, and likely reduce the resilience of these
ystems to disturbance. Given the importance of agriculture
or human well-being, it is critical that ecologists continue
o study these relationships. For example, a majority of the
tudies elucidating the relationship of biodiversity to ecosys-
em function and ecosystem service have come from Europe,
orth America, and Australia. Similar studies need to be
xtended to all agricultural regions of the globe (Mailafiya
015). Research to develop tools for early warning of impend-
ng tipping points in agricultural landscapes is also critically
eeded; in particular, in those places where landscape het-
rogeneity has not been lost. We also need to refine our
nderstanding of what elements of design will yield the
reatest impact on sustainability in particular landscapes solandscapes for biodiversity-based ecosystem services. Basic  and
hat clear recommendations can emerge. However, research
lone is unlikely to promote needed changes at the land-
cape scale, and ecologists also need to engage in education
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nd advocacy to promote effective landscape design and
mplementation.
Ecologists can play a key role in engaging scientists and
ther critical stakeholders in landscape design. Landscape
cologists have led the way in articulating how their sci-
nce can move from descriptions and hypotheses of how
andscapes function, to application of that knowledge in land-
cape design for desired outcomes (Nassauer & Opdam 2008;
pdam et al., 2013). However, we also need to move beyond
alls to the scientific community, to dialogue with famers
nd other land managers, agricultural educators, and resource
anagement agencies about the advantages and drawbacks
f landscape design. Regularly translating our research find-
ngs into formats that are accessible to these audiences can
acilitate discussions of the need for both local and landscape
anagement (Fig. 5). Finally, we need to work with policy
akers and funding agencies to develop programs that sup-
ort long-term and landscape-scale research into agricultural
andscape design.
Redesigning agricultural landscapes for biodiversity ser-
ices is not a trivial undertaking, nor is it an impossible
ne. The pressing need to feed and fuel an expanding
uman population in a time of accelerating global change
hould motivate ecologists to continue to articulate the poten-
ial of landscape design. Indeed, the explosion of relevant
esearch across biological and social sciences – more than
alf of the publications cited here have been published in
he last 4 years – suggest that the scientific community
s heeding the call. While we still have much to learn,
he ability to design agricultural landscapes for sustainable
nd resilient biodiversity services appears to be within our
rasp.
cknowledgements
I thank Teja Tscharntke for the invitation to contribute
his viewpoint. Discussions with Claudio Gratton, Nick Jor-
an, and Lisa Schulte-Moore helped to formulate the ideas
resented here. Christie Bahlai, Dan Gibson, Sara Herman,
ulia Perrone, Marissa Schuh, Andrew Myers, Bill Wills and
hree anonymous reviewers provided comments which have
mproved the manuscript. Support for DAL was provided
y the US DOE Office of Science (DE-FCO2-07ER64494)
nd Office of Energy Efficiency and Renewable Energy
DE-ACO5-76RL01830) to the DOE Great Lakes Bioen-
rgy Research Center, and by the NSF Long-term Ecological
esearch Program (DEB 1027253) at the Kellogg Biological
tation and by Michigan State University AgBioResearch.
eferencesPlease cite this article in press as: Landis, D.A. Designing agricultural 
Applied  Ecology  (2016), http://dx.doi.org/10.1016/j.baae.2016.07.005
llen, C., Angeler, D., Garmestani, A., Gunderson, L., & Holling,
C. S. (2014). Panarchy: Theory and application. Ecosystems, 17,
578–589.
Eology xxx (2016) xxx–xxx 9
alfour, N. J., Fensome, K. A., Samuelson, E. E. W., & Ratnieks, F.
L. W. (2015). Following the dance: Ground survey of flowers and
flower-visiting insects in a summer foraging hotspot identified
via honey bee waggle dance decoding. Agriculture,  Ecosystems
&  Environment, 213, 265–271.
atáry, P., Báldi, A., Kleijn, D., & Tscharntke, T. (2011).
Landscape-moderated biodiversity effects of agri-environmental
management: A meta-analysis. Proceedings  of  the  Royal  Society
B:  Biological  Sciences, 278, 1894–1902.
enjamin, F. E., Reilly, J. R., & Winfree, R. (2014). Pollinator body
size mediates the scale at which land use drives crop pollination
services. Journal  of  Applied  Ecology, 51, 440–449.
enton, T. G., Vickery, J. A., & Wilson, J. D. (2003). Farmland
biodiversity: Is habitat heterogeneity the key? Trends  in  Ecology
&  Evolution, 18, 182–188.
ianchi, F., Booij, C. J. H., & Tscharntke, T. (2006). Sustainable
pest regulation in agricultural landscapes: A review on landscape
composition, biodiversity and natural pest control. Proceedings
of  the  Royal  Society  B:  Biological  Sciences, 273, 1715–1727.
laauw, B. R., & Isaacs, R. (2014). Flower plantings increase
wild bee abundance and the pollination services provided to
a pollination-dependent crop. Journal  of  Applied  Ecology, 51,
890–898.
rosi, B. J., Armsworth, P. R., & Daily, G. C. (2008). Optimal design
of agricultural landscapes for pollination services. Conservation
Letters, 1, 27–36.
arpenter, S. R., Cole, J. J., Pace, M. L., Batt, R., Brock, W. A.,
Cline, T., et al. (2011). Early warnings of regime shifts: A whole-
ecosystem experiment. Science, 332, 1079–1082.
arvell, C., Bourke, A. F. G., Osborne, J. L., & Heard, M. S. (2015).
Effects of an agri-environment scheme on bumblebee reproduc-
tion at local and landscape scales. Basic  and  Applied  Ecology,
16, 519–530.
haplin-Kramer, R., O’Rourke, M. E., Blitzer, E. J., & Kremen, C.
(2011). A meta-analysis of crop pest and natural enemy response
to landscape complexity. Ecology  Letters, 14, 922–932.
oncepcion, E. D., Diaz, M., Kleijn, D., Baldi, A., Batary, P.,
Clough, Y., et al. (2012). Interactive effects of landscape context
constrain the effectiveness of local agri-environmental manage-
ment. Journal  of  Applied  Ecology, 49, 695–705.
ooke, B., & Moon, K. (2015). Aligning ‘public good’ environ-
mental stewardship with the landscape-scale: Adapting MBIs
for private land conservation policy. Ecological  Economics, 114,
152–158.
ainese, M., Luna, D. I., Sitzia, T., & Marini, L. (2015). Test-
ing scale-dependent effects of seminatural habitats on farmland
biodiversity. Ecological  Applications, 25, 1681–1690.
onald, P. F., Green, R. E., & Heath, M. F. (2001). Agricultural
intensification and the collapse of Europe’s farmland bird popu-
lations. Proceedings  of  the  Royal  Society  B:  Biological  Sciences,
268, 25–29.
osskey, M., Wells, G., Bentrup, G., & Wallace, D. (2012).
Enhancing ecosystem services: Designing for multifunctionality.
Journal  of  Soil  and  Water  Conservation, 67, 37A–41A.
uncan, C., Thompson, J. R., & Pettorelli, N. (2015). The quest for
a mechanistic understanding of biodiversity-ecosystem services
relationships. Proceedings  of  the  Royal  Society  B:  Biological
Sciences, 282, 10.landscapes for biodiversity-based ecosystem services. Basic  and
gan, J. F., Bohnenblust, E., Goslee, S., Mortensen, D., & Tooker,
J. (2014). Herbicide drift can affect plant and arthropod commu-
nities. Agriculture,  Ecosystems  &  Environment, 185, 77–87.
ARTICLE IN PRESSBAAE-50984; No. of Pages 12
1 plied Ec
E
E
F
F
F
F
F
F
F
F
G
G
G
G
G
G
G
G
G
G
H
H
H
H
I
I
J
J
J
J
J0 D.A. Landis / Basic and Ap
kroos, J., Ödman, A. M., Andersson, G. K., Birkhofer, K., Her-
bertsson, L., Klatt, B. K., et al. (2016). Sparing land for
biodiversity at multiple spatial scales. Frontiers  in  Ecology  and
Evolution, 3, 145.
kroos, J., Olsson, O., Rundlöf, M., Wätzold, F., & Smith, H.
G. (2014). Optimizing agri-environment schemes for biodiver-
sity, ecosystem services or both? Biological  conservation, 172,
65–71.
ahrig, L., Baudry, J., Brotons, L., Burel, F. G., Crist, T. O., Fuller,
R. J., et al. (2011). Functional landscape heterogeneity and ani-
mal biodiversity in agricultural landscapes. Ecology  Letters, 14,
101–112.
ahrig, L., Girard, J., Duro, D., Pasher, J., Smith, A., Javorek, S.,
et al. (2015). Farmlands with smaller crop fields have higher
within-field biodiversity. Agriculture,  Ecosystems  &  Environ-
ment, 200, 219–234.
irbank, L. G., Petit, S., Smart, S., Blain, A., & Fuller, R. J. (2008).
Assessing the impacts of agricultural intensification on biodi-
versity: A British perspective. Philosophical  Transactions  of  the
Royal  Society  of  London  B:  Biological  Sciences, 363, 777–787.
ischer, J., Brittain, C., & Klein, A.-M. (2013). Biodiversity-friendly
farming. In S. A. Levin (Ed.), Encyclopedia  of  biodiversity  (pp.
418–429). Elsevier.
ischer, J., Lindenmayer, D. B., & Manning, A. D. (2006). Biodiver-
sity, ecosystem function, and resilience: Ten guiding principles
for commodity production landscapes. Frontiers  in  Ecology  and
the  Environment, 4, 80–86.
isher, B., Turner, R. K., & Morling, P. (2009). Defining and
classifying ecosystem services for decision making. Ecological
Economics, 68, 643–653.
lynn, D. F. B., Gogol-Prokurat, M., Nogeire, T., Molinari, N.,
Richers, B. T., Lin, B. B., et al. (2009). Loss of functional diver-
sity under land use intensification across multiple taxa. Ecology
Letters, 12, 22–33.
oley, J. A., Ramankutty, N., Brauman, K. A., Cassidy, E. S., Gerber,
J. S., Johnston, M., et al. (2011). Solutions for a cultivated planet.
Nature, 478, 337–342.
abriel, D., Sait, S. M., Kunin, W. E., & Benton, T. G. (2013).
Food production vs. biodiversity: Comparing organic and con-
ventional agriculture. Journal  of  Applied  Ecology, 50, 355–364.
agic, V., Bartomeus, I., Jonsson, T., Taylor, A., Winqvist, C.,
Fischer, C., et al. (2015). Functional identity and diversity of
animals predict ecosystem functioning better than species-based
indices. Proceedings  of  the  Royal  Society  B:  Biological  Sciences,
282, 8.
amez-Virues, S., Perovic, D. J., Gossner, M. M., Borschig, C.,
Bluthgen, N., de Jong, H., et al. (2015). Landscape simplification
filters species traits and drives biotic homogenization. Nature
Communications, 6, 8568.
ardiner, M. M., Landis, D. A., Gratton, C., DiFonzo, C. D., O’Neal,
M., Chacon, J. M., et al. (2009). Landscape diversity enhances
biological control of an introduced crop pest in the north-central
USA. Ecological  Applications, 19, 143–154.
aribaldi, L. A., Carvalheiro, L. G., Vaissiere, B. E., Gemmill-
Herren, B., Hipolito, J., Freitas, B. M., et al. (2015). Mutually
beneficial pollinator diversity and crop yield outcomes in small
and large farms. Science, 351, 388–391.
aribaldi, L. A., Steffan-Dewenter, I., Winfree, R., Aizen, M. A.,Please cite this article in press as: Landis, D.A. Designing agricultural 
Applied  Ecology  (2016), http://dx.doi.org/10.1016/j.baae.2016.07.005
Bommarco, R., Cunningham, S. A., et al. (2013). Wild pollina-
tors enhance fruit set of crops regardless of honey bee abundance.
Science, 339, 1608–1611.
Kology xxx (2016) xxx–xxx
eertsema, W., Rossing, W. A. H., Landis, D. A., Bianchi, F. J. J. A.,
van Rijn, P. C. J., Schaminée, J. H. J., et al. (2016). Actionable
knowledge for ecological intensification of agriculture. Frontiers
in  Ecology  and  the  Environment, 14, 209–216.
eiger, F., Bengtsson, J., Berendse, F., Weisser, W. W., Emmerson,
M., Morales, M. B., et al. (2010). Persistent negative effects
of pesticides on biodiversity and biological control potential on
European farmland. Basic  and  Applied  Ecology, 11, 97–105.
ibbs, K. E., Mackey, R. L., & Currie, D. J. (2009). Human land use,
agriculture, pesticides and losses of imperiled species. Diversity
and  Distributions, 15, 242–253.
onthier, D. J., Ennis, K. K., Farinas, S., Hsieh, H.-Y., Iverson, A. L.,
Batáry, P., et al. (2014). Biodiversity conservation in agriculture
requires a multi-scale approach. Proceedings  of  the  Royal  Society
B:  Biological  Sciences, 281, 20141358.
aberl, H., Erb, K. H., Krausmann, F., Gaube, V., Bondeau, A.,
Plutzar, C., et al. (2007). Quantifying and mapping the human
appropriation of net primary production in earth’s terrestrial
ecosystems. Proceedings  of  the  National  Academy  of  Sciences
of  the  United  States  of  America, 104, 12942–12947.
allmann, C. A., Foppen, R. P. B., van Turnhout, C. A. M., de
Kroon, H., & Jongejans, E. (2014). Declines in insectivorous
birds are associated with high neonicotinoid concentrations.
Nature, http://dx.doi.org/10.1038/nature13531
amilton, S., Doll, J. E., & Robertson, G. P. (2015). The  ecology
of  agricultural  landscapes:  Long-term  research  on  the  road  to
sustainabiltiy. pp. 432. New York: Oxford University Press.
endrickx, F., Maelfait, J. P., Van Wingerden, W., Schweiger, O.,
Speelmans, M., Aviron, S., et al. (2007). How landscape struc-
ture, land-use intensity and habitat diversity affect components
of total arthropod diversity in agricultural landscapes. Journal
of  Applied  Ecology, 44, 340–351.
saacs, R., Tuell, J., Fiedler, A., Gardiner, M., & Landis, D. (2009).
Maximizing arthropod-mediated ecosystem services in agricul-
tural landscapes: The role of native plants. Frontiers  in  Ecology
and  the  Environment, 7, 196–203.
verson, A. L., Marin, L. E., Ennis, K. K., Gonthier, D. J.,
Connor-Barrie, B. T., Remfert, J. L., et al. (2014). Do polycul-
tures promote win-wins or trade-offs in agricultural ecosystem
services? A meta-analysis. Journal  of  Applied  Ecology, 51,
1593–1602.
ackson, L. L. (2008). Who “Designs” the Agricultural Landscape?
Landscape  Journal, 27, 23–40.
onsson, M., Straub, C. S., Didham, R. K., Buckley, H. L., Case,
B. S., Hale, R. J., et al. (2015). Experimental evidence that
the effectiveness of conservation biological control depends
on landscape complexity. Journal  of  Applied  Ecology, 52,
1274–1282.
ordan, N., Schulte, L., Williams, C., Mulla, D., Pitt, D., Slotter-
back, C., et al. (2013). Landlabs: An integrated approach to
creating agricultural enterprises that meet the triple bottom line.
Journal  of  Higher  Education  Outreach  and  Engagement, 17,
175–200.
ordan, N., & Warner, K. D. (2010). Enhancing the multifunction-
ality of US agriculture. BioScience, 60, 60–66.
osé-María, L., Blanco-Moreno, J. M., Armengot, L., & Sans, F. X.
(2011). How does agricultural intensification modulate changes
in plant community composition? Agriculture,  Ecosystems  &landscapes for biodiversity-based ecosystem services. Basic  and
Environment, 145, 77–84.
ennedy, C. M., Lonsdorf, E., Neel, M. C., Williams, N. M., Rick-
etts, T. H., Winfree, R., et al. (2013). A global quantitative
ARTICLE IN PRESSBAAE-50984; No. of Pages 12
plied Ec
K
K
K
K
K
K
K
L
L
L
L
L
M
M
M
M
M
M
M
N
N
O
O
P
P
P
P
P
R
R
R
R
SD.A. Landis / Basic and Ap
synthesis of local and landscape effects on wild bee pollinators
in agroecosystems. Ecology  Letters, 16, 584–599.
leijn, D., Baquero, R. A., Clough, Y., Díaz, M., De Esteban,
J., Fernández, F., et al. (2006). Mixed biodiversity benefits of
agri-environment schemes in five European countries. Ecology
Letters, 9, 243–254.
leijn, D., Kohler, F., Báldi, A., Batáry, P., Concepción, E. D.,
Clough, Y., et al. (2009). On the relationship between farmland
biodiversity and land-use intensity in Europe. Proceedings  of  the
Royal  Society  of  London  B:  Biological  Sciences, 276, 903–909.
leijn, D., Rundlöf, M., Scheper, J., Smith, H. G., & Tscharntke,
T. (2011). Does conservation on farmland contribute to halting
the biodiversity decline? Trends  in  Ecology  &  Evolution, 26,
474–481.
napp, A. K., Smith, M. D., Hobbie, S. E., Collins, S. L., Fahey, T.
J., Hansen, G. J. A., et al. (2012). Past, present, and future roles
of long-term experiments in the LTER network. BioScience, 62,
377–389.
oh, I., Lonsdorf, E. V., Williams, N. M., Brittain, C., Isaacs, R.,
Gibbs, J., et al. (2016). Modeling the status, trends, and impacts
of wild bee abundance in the United States. Proceedings  of  the
National  Academy  of  Sciences  of  the  United  States  of  America,
113, 140–145.
remen, C., Williams, N. M., & Thorp, R. W. (2002). Crop polli-
nation from native bees at risk from agricultural intensification.
Proceedings  of  the  National  Academy  of  Sciences  of  the  United
States  of  America, 99, 16812–16816.
rupke, C. H., Hunt, G. J., Eitzer, B. D., Andino, G., & Given,
K. (2012). Multiple routes of pesticide exposure for honey bees
living near agricultural fields. PLoS  ONE, 7, e29268.
andis, D. A., Wratten, S. D., & Gurr, G. M. (2000). Habitat
management to conserve natural enemies of arthropod pests in
agriculture. Annual  Review  of  Entomology, 45, 175–201.
efroy, E. C. (2001). Applying ecological principles to the re-design
of agricultural landscapes. In Proceedings  of  10th  Australian
agronomy  conference  2001
etourneau, D. K., Armbrecht, I., Rivera, B. S., Lerma, J. M., Car-
mona, E. J., Daza, M. C., et al. (2011). Does plant diversity
benefit agroecosystems? A synthetic review. Ecological  Appli-
cations, 21, 9–21.
iebman, M., & Schulte, L. A. (2015). Enhancing agroecosystem
performance and resilience through increased diversification of
landscapes and cropping systems. Elementa, 3, 1–7.
oreau, M., Naeem, S., Inchausti, P., Bengtsson, J., Grime, J. P.,
Hector, A., et al. (2001). Biodiversity and ecosystem function-
ing: Current knowledge and future challenges. Science, 294,
804–808.
acDonald, J. M., Korb, P., & Hoppe, R. A. (2013). Farm  size  and
the  organization  of  U.S.  crop  farming,  ERR-152.
acfadyen, S., Cunningham, S. A., Costamagna, A. C., &
Schellhorn, N. A. (2012). Managing ecosystem services and
biodiversity conservation in agricultural landscapes: Are the
solutions the same? Journal  of  Applied  Ecology, 49, 690–694.
ailafiya, D. M. (2015). Agrobiodiversity for biological pest control
in Sub-Saharan. In E. Lichtfouse (Ed.), Sustainable  agriculture
reviews  (vol. 18) (pp. 107–143). New York: Springer.
atson, P. A., Parton, W. J., Power, A. G., & Swift, M. J. (1997).Please cite this article in press as: Landis, D.A. Designing agricultural 
Applied  Ecology  (2016), http://dx.doi.org/10.1016/j.baae.2016.07.005
Agricultural intensification and ecosystem properties. Science,
277, 504–509.
eehan, T. D., & Gratton, C. (2015). A consistent positive associa-
tion between landscape simplification and insecticide use across
Sology xxx (2016) xxx–xxx 11
the Midwestern US from 1997 through 2012. Environmental
Research  Letters, 10, 10.
eehan, T. D., Werling, B. P., Landis, D. A., & Gratton, C. (2011).
Agricultural landscape simplification and insecticide use in the
Midwestern United States. Proceedings  of  the  National  Academy
of  Sciences  of  the  United  States  of  America, 108, 11500–11505.
illennium Ecosystem Assessment. (2005). Ecosystems  and  human
well-being:  Biodiversity  synthesis. Washington, DC: World
Resources Institute.
assauer, J. I., & Opdam, P. (2008). Design in science: Extending the
landscape ecology paradigm. Landscape  Ecology, 23, 633–644.
icholls, C. I., & Altieri, M. A. (2013). Plant biodiversity enhances
bees and other insect pollinators in agroecosystems. A review.
Agronomy  for  Sustainable  Development, 33, 257–274.
liver, T. H., Heard, M. S., Isaac, N. J. B., Roy, D. B., Procter, D.,
Eigenbrod, F., et al. (2015). Biodiversity and resilience of ecosys-
tem functions. Trends  in  Ecology  &  Evolution, 30, 673–684.
pdam, P., Nassauer, J. I., Wang, Z. F., Albert, C., Bentrup, G.,
Castella, J. C., et al. (2013). Science for action at the local
landscape scale. Landscape  Ecology, 28, 1439–1445.
ace, M. L., Carpenter, S. R., & Cole, J. J. (2015). With and without
warning: Managing ecosystems in a changing world. Frontiers
in  Ecology  and  the  Environment, 13, 460–467.
arry, H. R., Macfadyen, S., Hopkinson, J. E., Bianchi, F., Zalucki,
M. P., Bourne, A., et al. (2015). Plant composition modulates
arthropod pest and predator abundance: Evidence for culling
exotics and planting natives. Basic  and  Applied  Ecology, 16,
531–543.
erovic´, D., Gámez-Virués, S., Börschig, C., Klein, A.-M., Krauss,
J., Steckel, J., et al. (2015). Configurational landscape hetero-
geneity shapes functional community composition of grassland
butterflies. Journal  of  Applied  Ecology, 52, 505–513.
otts, S. G., Biesmeijer, J. C., Kremen, C., Neumann, P., Schweiger,
O., & Kunin, W. E. (2010). Global pollinator declines: Trends,
impacts and drivers. Trends  in  Ecology  &  Evolution, 25,
345–353.
rager, K. (2015). Agri-environmental collaboratives for landscape
management in Europe. Current  Opinion  in  Environmental  Sus-
tainability, 12, 59–66.
amankutty, N., Evan, A. T., Monfreda, C., & Foley, J. A. (2008).
Farming the planet: 1. Geographic distribution of global agricul-
tural lands in the year 2000. Global  Biogeochemical  Cycles, 22
http://dx.doi.org/10.1029/2007GB002952
aymond, L., Ortiz-Martínez, S. A., & Lavandero, B. (2015).
Temporal variability of aphid biological control in contrasting
landscape contexts. Biological  Control, 90, 148–156.
obertson, G. P. (2015). A Sustainable Agriculture? Daedalus, 144,
76–89.
usch, A., Chaplin-Kramer, R., Gardiner, M. M., Hawro, V.,
Holland, J., Landis, D., et al. (2016). Agricultural land-
scape simplification reduces natural pest control: A quantative
synthesis. Agriculture,  Ecosystems  and  Environment, 221,
198–204.
canlon, B. R., Faunt, C. C., Longuevergne, L., Reedy, R. C., Alley,
W. M., McGuire, V. L., et al. (2012). Groundwater depletion and
sustainability of irrigation in the US High Plains and Central
Valley. Proceedings  of  the  National  Academy  of  Sciences  of  the
United  States  of  America, 109, 9320–9325.landscapes for biodiversity-based ecosystem services. Basic  and
chellhorn, N. A., Gagic, V., & Bommarco, R. (2015). Time will
tell: Resource continuity bolsters ecosystem services. Trends  in
Ecology  &  Evolution, 30, 524–530.
ARTICLE IN PRESSBAAE-50984; No. of Pages 12
1 plied Ec
S
S
S
S
S
S
S
S
S
S
S
S
T
T
T
T
T
T
U
V
V
W
W
W
W
W2 D.A. Landis / Basic and Ap
cheper, J., Bommarco, R., Holzschuh, A., Potts, S. G., Riedinger,
V., Roberts, S. P. M., et al. (2015). Local and landscape-level
floral resources explain effects of wildflower strips on wild bees
across four European countries. Journal  of  Applied  Ecology, 52,
1165–1175.
chulte, L. A., MacDonald, A. L., Niemi, J. B., & Helmers, M.
J. (2016). Prairie strips as a mechanism to promote land shar-
ing by birds in industrial agricultural landscapes. Agriculture,
Ecosystems  &  Environment, 220, 55–63.
hackelford, G., Steward, P. R., Benton, T. G., Kunin, W. E., Potts,
S. G., Biesmeijer, J. C., et al. (2013). Comparison of pollinators
and natural enemies: A meta-analysis of landscape and local
effects on abundance and richness in crops. Biological  Reviews,
88, 1002–1021.
light, P., Adams, M., & Sherren, K. (2016). Policy support for rural
economic development based on Holling’s ecological concept of
panarchy. International  Journal  of  Sustainable  Development  and
World  Ecology, 23, 1–14.
lotterback, C., Runck, B., Pitt, D., Kne, L., Jordan, N.,
Mulla, D., et al. (2016). Collaborative Geodesign to
advance multifunctional landscapes. Landscape  Urban  Plan-
ning, http://dx.doi.org/10.1016/j.landurbplan.2016.05.011
otherton, N. W. (1998). Land use changes and the decline of farm-
land wildlife: An appraisal of the set-aside approach. Biological
Conservation, 83, 259–268.
pears, B. M., Ives, S. C., Angeler, D. G., Allen, C. R., Birk, S.,
Carvalho, L., et al. (2015). FORUM: Effective management of
ecological resilience – are we there yet? Journal  of  Applied
Ecology, 52, 1311–1315.
tallman, H. R., & James, H. S., Jr. (2015). Determinants affecting
farmers’ willingness to cooperate to control pests. Ecological
Economics, 117, 182–192.
teffen, W., Richardson, K., Rockström, J., Cornell, S. E., Fetzer,
I., Bennett, E. M., et al. (2015). Planetary boundaries: Guiding
human development on a changing planet. Science, 347.
teingrover, E. G., Geertsema, W., & van Wingerden, W. (2010).
Designing agricultural landscapes for natural pest control: A
transdisciplinary approach in the Hoeksche Waard (The Nether-
lands). Landscape  Ecology, 25, 825–838.
toate, C., Baldi, A., Beja, P., Boatman, N. D., Herzon, I., van Doorn,
A., et al. (2009). Ecological impacts of early 21st century agri-
cultural change in Europe – A review. Journal  of  Environmental
Management, 91, 22–46.
toate, C., Boatman, N. D., Borralho, R. J., Carvalho, C. R., Snoo,
G. R., & Eden, D. P. (2001). Ecological impacts of arable inten-
sification in Europe. Journal  of  Environmental  Management, 63,
337–365.
scharntke, T., Bommarco, R., Clough, Y., Crist, T. O., Kleijn, D.,
Rand, T. A., et al. (2007). Conservation biological control andPlease cite this article in press as: Landis, D.A. Designing agricultural 
Applied  Ecology  (2016), http://dx.doi.org/10.1016/j.baae.2016.07.005
enemy diversity on a landscape scale. Biological  Control, 43,
294–309.
scharntke, T., Clough, Y., Wanger, T. C., Jackson, L., Motzke,
I., Perfecto, I., et al. (2012). Global food security, biodiversity
W
Available  online  at  www.s
ScienceDology xxx (2016) xxx–xxx
conservation and the future of agricultural intensification. Bio-
logical  Conservation, 151, 53–59.
scharntke, T., Klein, A. M., Kruess, A., Steffan-Dewenter, I., &
Thies, C. (2005). Landscape perspectives on agricultural inten-
sification and biodiversity – ecosystem service management.
Ecology  Letters, 8, 857–874.
scharntke, T., Steffan-Dewenter, I., Kruess, A., & Thies, C. (2002).
Contribution of small habitat fragments to conservation of
insect communities of grassland–cropland landscapes. Ecologi-
cal  Applications, 12, 354–363.
scharntke, T., Tylianakis, J. M., Rand, T. A., Didham, R. K.,
Fahrig, L., Batary, P., et al. (2012b). Landscape moderation of
biodiversity patterns and processes-eight hypotheses. Biological
Reviews, 87, 661–685.
scharntke, T., Tylianakis, J. M., Rand, T. A., Didham, R. K., Fahrig,
L., Batary, P., et al. (2012c). Landscape moderation of biodi-
versity patterns and processes – eight hypotheses. Biological
Reviews, 87, 661–685.
nited Nations, Department of Economic and Social Affairs, &
Population Division. (2015). World Population Prospects: The
2015 Revision, Key Findings and Advance Tables. In Working
Paper  No.  ESA/P/WP.241.
andermeer, J., Perfecto, I., & Schellhorn, N. (2010). Propagating
sinks, ephemeral sources and percolating mosaics: Conservation
in landscapes. Landscape  Ecology, 25, 509–518.
eres, A., Petit, S., Conord, C., & Lavigne, C. (2013). Does land-
scape composition affect pest abundance and their control by
natural enemies? A review. Agriculture,  Ecosystems  &  Environ-
ment, 166, 110–117.
ada, Y., van Beek, L. P. H., van Kempen, C. M., Reckman, J.
W. T. M., Vasak, S., & Bierkens, M. F. P. (2010). Global deple-
tion of groundwater resources. Geophysical  Research  Letters,
37  http://dx.doi.org/10.1029/2010GL044571
estphal, C., Vidal, S., Horgan, F. G., Gurr, G. M., Escalada, M., Van
Chien, H., et al. (2015). Promoting multiple ecosystem services
with flower strips and participatory approaches in rice production
landscapes. Basic  and  Applied  Ecology, 16, 681–689.
illiams, J., & Gascoigne, H. (2003). Redesign of plant production
systems for Australian landscapes. In Proceedings  of  the  11th
Australian  agronomy  conference,  solutions  for  a better  environ-
ment.
illiams, N. M., Ward, K. L., Pope, N., Isaacs, R., Wilson,
J., May, E. A., et al. (2015). Native wildflower plantings
support wild bee abundance and diversity in agricultural land-
scapes across the United States. Ecological  Applications, 25,
2119–2131.
oltz, J. M., Isaacs, R., & Landis, D. A. (2012). Landscape structure
and habitat management differentially influence insect natural
enemies in an agricultural landscape. Agriculture,  Ecosystems
&  Environment, 152, 40–49.landscapes for biodiversity-based ecosystem services. Basic  and
oltz, J. M., & Landis, D. A. (2013). Coccinellid immigration to
infested host patches influences suppression of Aphis  glycines  in
soybean. Biological  Control, 64, 330–337.
ciencedirect.com
irect
